Abstract: Realistic modeling of infiltration, runoff and erosion processes from watersheds requires estimation of the effective hydraulic conductivity (K m ) of the hillslope soils and how it varies with soil tilth, depth and cover conditions. Field rainfall simulation (RS) plot studies provide an opportunity to assess the surface soil hydraulic and erodibility conditions, but a standardized interpretation and comparison of results of this kind from a wide variety of test conditions has been difficult. Here, we develop solutions to the combined set of time-to-ponding/runoff and Green-Ampt infiltration equations to determine K m values from RS test plot results and compare them to the simpler calculation of steady rain minus runoff rates. Relating soil detachment rates to stream power, we also examine the determination of "erodibility" as the ratio thereof. Using data from over 400 RS plot studies across the Lake Tahoe Basin area that employ a wide range of rain rates across a range of soil slopes and conditions, we find that the K m values can be determined from the combined infiltration equation for~80% of the plot data and that the laminar flow form of stream power best described a constant "erodibility" across a range of volcanic skirun soil conditions. Moreover, definition of stream power based on laminar flows obviates the need for assumption of an arbitrary Mannings "n" value and the restriction to mild slopes (<10%). The infiltration equation based K m values, though more variable, were on average equivalent to that determined from the simpler calculation of steady rain minus steady runoff rates from the RS plots. However, these K m values were much smaller than those determined from other field test methods. Finally, we compare RS plot results from use of different rainfall simulators in the basin and demonstrate that despite the varying configurations and rain intensities, similar erodibilities were determined across a range of infiltration and runoff rates using the laminar form of the stream power equation.
Introduction
Modeling watershed runoff and erosion processes realistically requires field determination or model calibration estimation of surface soil infiltration rates or effective hydraulic conductivities (K m ) and erosion rates because they vary with soil cover/tilth/slope conditions, and seasonally with changing water contents. The field methods often used to measure in situ saturated or effective hydraulic conductivities (K s or K m , respectively, where K m is some fraction of K s ) include surface (e.g., disk, single/double-ring infiltrometers, and rainfall simulators), or subsurface techniques (e.g., bore-hole methods). Indirect estimates of K m and erodibilities available from NRCS soil survey information that are typically derived from soil texture information are also more often used in modeling than field measured values due to the difficulty associated with the field measurements and their variability. While each measurement method may have particular advantages depending on the intended use of the data, surface methods enable measurement of actual conditions as affected by soil
where h d = displacement pressure head (mm), and h c = capillary pressure head (mm)
where S = saturation, S r = residual saturation, S m = maximum saturation associated with infiltration, and λ = pore-size distribution index. And the Green-Ampt infiltration equation takes the form I " K m pH`h f`zf q{z f (3) where I = infiltration rate (mm/hr), K m = "natural saturated hydraulic conductivity" (mm/hr) « 0.5K s , H= ponding depth (mm), h f = wetting front capillary pressure head (mm), and z f = wetting front depth (mm).
Combining the Green-Ampt Equation (3) with the continuity equation yields t " 1 K m tV´φ pS m´Si q´H`h f¯l n » -1`V ϕ pS m´Si q´H`h f¯fi fl , .
-
where V = volume infiltrated per unit area (mm). The Green-Ampt equation above is readily modified to account for air resistance to wetting flow by using β to replace the 1 at the beginning of the RHS of Equation (4) and h f within the parentheses with H c [19] . β and H c are defined as follows 
where µ w and µ g are the water and air viscosities, respectively, similalry k rw and k rg are the relative permeabilities of the porous media to water and air, respectively. S e is the effective saturation and f w is the fractional flow function of water, or the ratio of water flow to total (air and water) flowrate. For all practical purposes, β takes on a value between 1.2 and 1.3 for typical λ values between 2 and 3, an index range that covers loamy to sandy soils [19] . The wetting front driving head, H c can be determined from
where h e is defined in Equation (1) . Again for all practical purposes, H c takes on a value between 1.12 h d -1.08 h d for λ between 2 and 3. Substituting Equations (5) and (6) in the Green-Ampt Equation (4) to correct for air resistance or counterflow during infiltration results in [19] t " β K m tV´φ pS m´Si q pH`H c q ln
Finally, the corresponding 'time-to-ponding' infiltration equation that accounts for air resistance or counterflow as well is given by t p " ϕ pS m´Si q p1´f wo H c exp
where q o is the rainfall rate and f w is practically zero for ponded infiltration (see Morel-Seytoux [20] discussion linking the transition of rainfall rate controlled infiltration conditions to that for ponded infiltration). With a relationship between h d and K m together with the time-to-ponding, infiltrated depth and times from RS plot data, Equations (7) and (8) can be solved simultaneously for K m (assuming that K m = 0.5 K s ) by solving Equation (8) for ϕ(S m´Si ) and letting f wi = 0. Using lab column data collected to date, Grismer [19] determined that for h d in meters, the semi-empirical theoretical relationship for permeability was k (µm 2 ) « 0.84/h d 2 . Using only that lab data for sands that more closely replicate the Tahoe soils and changing to more directly applicable units, we found that K m (mm/hr) = 19.9/h d 2. 4 for h d (mm), as shown in Figure 1 . And as noted above, taking H c -1.1 h d , β -1.3 for λ = 3, and the ponded depth H of Equations (4) or (7) as typically assumed to be small (e.g., 1 mm as in watershed modeling, [21] ), we can implicitly solve for K m from Equations (7) and (8) by re-arranging Equation (8) to solve for ∆θ = ϕ(S m´Si ), as shown below as Equation (9) and substituted into Equation (7) .
Alternatively, we can use the simpler Main-Larson equations analogous to Equations (7) and (9) below, but still accounting for air-resistance to infiltration infiltration). With a relationship between hd and Km together with the time-to-ponding, infiltrated depth and times from RS plot data, Equations (7) and (8) can be solved simultaneously for Km (assuming that Km = 0.5 Ks) by solving Equation (8) for φ(Sm-Si) and letting fwi = 0. Using lab column data collected to date, Grismer [19] determined that for hd in meters, the semi-empirical theoretical relationship for permeability was k (μm 2 ) ≈ 0.84/hd 2 . Using only that lab data for sands that more closely replicate the Tahoe soils and changing to more directly applicable units, we found that Km (mm/hr) = 19.9/hd 2.4 for hd (mm), as shown in Figure 1 . And as noted above, taking Hc ≅ 1.1hd, β ≅1.3 for λ = 3, and the ponded depth H of Equations (4) or (7) as typically assumed to be small (e.g., 1 mm as in watershed modeling, [21] ), we can implicitly solve for Km from Equations (7) and (8) by re-arranging Equation (8) to solve for ∆θ = φ(Sm-Si), as shown below as Equation (9) and substituted into Equation (7) . Figure 1 . Relationship between field-saturated hydraulic conductivity, Km, and displacement pressure head, hd, for fine sands (data taken from Grismer, [19] ).
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Alternatively, we can use the simpler Main-Larson equations analogous to Equations (7) and (9) below, but still accounting for air-resistance to infiltration tp =
and 1 Figure 1 . Relationship between field-saturated hydraulic conductivity, K m , and displacement pressure head, h d , for fine sands (data taken from Grismer, [19] ).
Finally, we can use the estimated effective ∆θ, taken as the measured infiltrated depth compared to the visual wetting front depth, from RS plot data when no runoff occurs, combined with the infiltrated depth and RS test duration to determine K m from Equation (7) . For example, Figure 2 shows the relationship between visual wetting and infiltrated depths from the long-term monitoring site at Heavenly ski area on the coarser-textured granitic soils where the average regression slope suggests an effective ∆θ -45%. 
Finally, we can use the estimated effective ∆θ, taken as the measured infiltrated depth compared to the visual wetting front depth, from RS plot data when no runoff occurs, combined with the infiltrated depth and RS test duration to determine Km from Equation (7) . For example, Figure 2 shows the relationship between visual wetting and infiltrated depths from the long-term monitoring site at Heavenly ski area on the coarser-textured granitic soils where the average regression slope suggests an effective ∆θ ≅ 45%. 
Theory-Erosion Equation Development
Most watershed modeling efforts and associated estimation of sediment detachment or erosion rates employ the well-known Manning's equation to relate overland or channel flowrates and velocity to flow depth and hillslope, or channel gradient. Of course, use of Manning's equation implies that an appropriate surface roughness value, "n", can be identified, that the driving force, or slope angle <10% and that flows are fully turbulent. The assumption of turbulent flow conditions during sheet flow across the RS plot or the landscape is questionable when flow depths are quite small and laminar flows are more likely present [21] . The general derivation of the laminar flow equation for thin films on inclined planes at any angle, α, to the horizontal requires only the assumptions of the "no-slip" boundary condition together with constant fluid properties [22] . Considering two-dimensional steady laminar flow of depth, y, down an inclined plane at angle, α, to the horizontal, the shear force as given by the fluid viscosity, μ, and the parabolic velocity function is balanced by the gravitational force (unit weight, ρg) on the fluid body in the direction of flow. That is, the flowrate Q per unit width is given by Q = um y = (ρgy 3 /3μ)sin α (12) where um is the mean velocity taken as 2/3 rds of the maximum velocity assuming a parabolic velocity distribution perpendicular to the inclined plane. Of course, the equivalent flowrate equation assuming turbulent flow and mild slopes (<10%) is taken from the approximation for the ChezyMannings equation assuming flow depths are very small compared to flow width, B, Q = (1/n) y 1.67 S 0.5 (13) The flow mean velocity needed to determine shear stresses on soil particles is given by Q/y from Equations (12) or (13), depending on whether laminar or turbulent flow is assumed. Replacing the sine function with a power function approximation in Equation (14), it is apparent that under steady laminar flow conditions the mean surface flow velocity is practically proportional to the slope, S, 1 Figure 2 . RS (rainfall simulation) plot infiltrated vs. visible wetting depths at Heavenly LT site (granitic soils).
Most watershed modeling efforts and associated estimation of sediment detachment or erosion rates employ the well-known Manning's equation to relate overland or channel flowrates and velocity to flow depth and hillslope, or channel gradient. Of course, use of Manning's equation implies that an appropriate surface roughness value, "n", can be identified, that the driving force, or slope angle <10% and that flows are fully turbulent. The assumption of turbulent flow conditions during sheet flow across the RS plot or the landscape is questionable when flow depths are quite small and laminar flows are more likely present [21] . The general derivation of the laminar flow equation for thin films on inclined planes at any angle, α, to the horizontal requires only the assumptions of the "no-slip" boundary condition together with constant fluid properties [22] . Considering two-dimensional steady laminar flow of depth, y, down an inclined plane at angle, α, to the horizontal, the shear force as given by the fluid viscosity, µ, and the parabolic velocity function is balanced by the gravitational force (unit weight, ρg) on the fluid body in the direction of flow. That is, the flowrate Q per unit width is given by Q " u m y " pρgy 3 {3µqsin α (12) 
The flow mean velocity needed to determine shear stresses on soil particles is given by Q/y from Equations (12) or (13), depending on whether laminar or turbulent flow is assumed. Replacing the sine function with a power function approximation in Equation (14) , it is apparent that under steady laminar flow conditions the mean surface flow velocity is practically proportional to the slope, S, rather than the square root of the slope, as in the mean velocity determined from Manning's Equation (15); moreover, there is no slope limitation or need to identify the roughness value, "n". u m " pρgy 2 {3µqsin α -p0.7524 ρgy 2 {3µqS
0.983 (14) u m " p1{nq y 0.67 S 0.5 (15) In RS plot studies, the runoff rate, q, is often expressed as the steady flowrate collected at the runoff lip frame divided by the area of the plot, as this allows convenient comparison to the infiltration and rainfall rates, and because rarely is the actual sheet flow depth measured or estimated so as to enable calculation of the mean, or average, overland flow velocity, u m . The relationship between q and u m is simply given by the mass balance q " Byu m {A, or u m " qA{pByq (16) where A = runoff frame area (m 2 ), B = the runoff lip width (m) and the other parameters are as previously defined. Solving Equation (16) for the mean velocity then requires substitution for the flow depth based on either Equation (15) (18) Quantitative description of soil particle detachment or erosion processes perhaps originated with Ellison's [23] observation that "erosion is a process of detachment and transport of soil materials by erosive agents". These "erosive agents", of course, include raindrop impact and overland flow. Of course, rain drop impact energy diminishes with increasing flow depth and presence of soil cover that both "absorb" the drop impact energy. Raindrop impact energy, while an erosive agent on bare soils should probably be related to the aggregate strength, that is, the energy needed to break up and mobilize surface aggregates [24, 25] . Subsequent research, more or less, begins with Ellison's paradigm of sorts that continues in concept through the soil-detachment equation review by Owoputi and Stolte [26] . Similarly, Foster and Meyer [27] interpreted results of several experiments in terms of Yalin's equation that assumes "sediment motion begins when the lift force of flow exceeds a critical force . . . necessary to . . . carry the particle downstream until the particle weight forces it out the flow and back to the bed." Bridge and Dominic [28] built on this concept and described the critical velocities and shears needed for single particle transport over fixed rough planar beds. Gilley et al. [29] [30] [31] included the Darcy-Weisbach friction factor as a measure of the resistance to flow that was eventually adopted in the WEPP model. Moore and Birch [32] combined slope and velocity and suggested that particle transport and transport capacity for both sheet (interrill) and rill flows is best derived from the unit stream power. In all these descriptions, the erodibility process essentially involves momentum transfer with an energy loss to friction. More recently, the concept of stream power as the primary factor controlling soil detachment rates has been adopted in several reviews e.g., [33] [34] [35] [36] . Assuming turbulent and laminar flow conditions, respectively, from Equations (17) and (18) (20) Note that in both Equations (19) and (20), slope, S, has a practically the same effect on stream power, hence detachment rate, whether the flow is laminar or turbulent; that is, P is proportional to S~1 .3 . However, the runoff rate under laminar flow conditions has a much greater affect than that under turbulent flow conditions (i.e., P is proportional to q 0.67 as compared to q 0.4 ), as do the unit weight and plot dimensions (though offset to some degree by 'n'). Nonetheless, in terms of practical analyses of RS plot runoff and erosion data, when rain splash impacts are negligible, it is apparent that the soil particle detachment rate is proportional to~S 1.3 and q a , where 'a' takes on a value between 0.4 and 0.7.
Experimentally, the dependence of stream power on slope between laminar and turbulent flow is not well articulated. In fact, at slopes of 4%-12%, McCool et al. [37] found soil loss rates dependent on S 1.37 -S 1.5 , rather than S~1 . 3 . In flume studies, Zhang et al. [38] found across a slope range of 3%-47% their detachment data was proportional to q 2.04 S 1.27 suggesting that both Equations (19) and (20) may underestimate the effects of runoff rate. At small slopes, detachment rate was more sensitive to q than S, however, as S increased, its influence on detachment rate increased. Later, Zhang et al. [39] found that for undisturbed "natural" soils across a similar slope range (9%-47%), detachment rates were most proportional to q 0.89 S 1.02 . In contrast, on nearly flat slopes (1%-2%) with deep flow depths (~10 mm), Nearing and Parker [40] found that turbulent flow resulted in far greater soil detachment rates than did laminar flow, in part as a result of greater shear stresses. Following Gilley and Finkner [29] , Guy et al. [41] examined the effects of raindrop impact on interrill sediment transport capacity in flume studies at 9%-20% slopes. Assuming a laminar flow regime, they found that raindrop splash accounted for~85% of the transport capacity, in some contrast to earlier studies indicating that raindrop impact had little or no effect on slopes greater than about 10%. Sharma et al. [42] [43] [44] systematically examined rain splash effects on aggregate breakdown and particle transport in the laboratory but did not relate their results to stream power. At larger slopes, Lei et al. [45] found that both slope and runoff rate were important towards transport capacity on slopes up to about 44%, but that transport capacity increased only slightly at still steeper slopes. Zhang et al. [39] found the best linear regression quantifying soil detachment rates occurred for equations that included the square of the rainfall rate (I 2 ) times the WEPP slope factor, or I times the runoff rate and slope, S, as compared to I times the square root of the runoff rate times S 0.67 . This observation of a better fit with the first two equations suggested that detachment rate is proportional to stream power. Similarly, considering soil detachment from overland flow only across a range of burned, disturbed and relatively undisturbed rangeland soils with slopes of 6%-57%, Al-Hamdan et al. [35] found that detachment rates were proportional to P 1.18 , but that the exponent of 1.18 did not differ significantly from unity. Gabriels [34] found that detachment rates were related to P 1.3 for a range of clay fractions of 7%-41%, an exponent value consistent with that for the plot slope in Equations (19) and (20) . In the RS plot studies considered here, we assume that detachment rates are proportional to S~1 .3 and then determine the optimal exponent applicable to the runoff rate.
Experimental Methods-Infiltration-Runoff and Hydraulic Conductivity Measurements in the Field
In the analyses here, we use field data collected from 423 RS plots and associated measurements of hydraulic conductivity for which overviews of the methodologies and some results were described elsewhere [46] [47] [48] [49] [50] [51] . While most of the Lake Tahoe Basin (See Figure 3 ) soils are of andesitic or granitic origin and of sandy textures from soil surveys (Table 1) , we have found that the surface soils can be broadly classified as coarser-textured "granitics" and finer-textured "volcanics" (Table 2 ). In addition to the 1 m and 3 m tall drop-former (DF) type RSs used here, we also include information from the USDA-FS sprinkler RS described by Foltz et al. [52] . Table 3 summarizes the field methods and associated references used here to develop the data set considered in the infiltration and soil detachment analyses. The MDI and Precision permeameter methods both involved repeated measurements (5-10 times per hole, or MDI test) and the bore-holes used varied from 150 to 300 mm deep and 70 mm in diameter, with a static water depth of 100-120 mm. 
Results

Infiltration-Runoff Field Data
Tables 4 and 5 summarize the average RS plot characteristics for the granitic plots that both resulted in runoff, or not during the 30-60 min RS tests in the Tahoe Basin, respectively. Similarly, Tables 6 and 7 summarize the average RS plot characteristics for the volcanic plots that both resulted in runoff, or not during the RS test, respectively. Tables 4 and 5 also distinguish between non-hydrophobic and hydrophobic RS plot tests within the granitic soils. These data provide a unique opportunity to evaluate application of the combined Infiltration Equations (7) and (8) across a broad range of plot characteristics, such as initial soil moistures ranging from 2% to 12%, rainfall rates from 60-120 mm/h, RS test durations of 10-70 min, plot slopes from 6% to 72% and ponding times from 1-20 min. Also included in this analysis, were RS test plots having clearly identified hydrophobic surface soils; these plots always resulted in quite large ∆θ values. In most cases, the infiltrated depths were obtained at the end of the RS test associated with the infiltrated time to be used in Equation (7). Finally, Table 8 lists the results of the saturated hydraulic conductivity, K s measurements completed using the mini-disk infiltrometer (MDI) and Precision Permeameter (PP) devices at the various RS sites around the Tahoe Basin. The two K s measurement methods yielded very similar results, in general, the average non-hydrophobic K s values were 970 and 870 mm/h, respectively, for the granitic and volcanic soils, while the hydrophobic MDI K s values were roughly 10%-40% of the non-hydrophobic values. The measured K s values are 3-4 times greater than that estimated from particle-size distributions (Table 2) , nearly an order of magnitude larger than the NRCS estimates (Table 1) and, as will be discussed later, an order of magnitude larger than the RS derived estimates of K m ; however, they are consistent with the measured values of~900 mm/h for a fine sand surrogate for Tahoe basin soils [21] . 
Discussion
Estimating Effective Hydraulic Conductivity K m from RS Test Plot Data
Modeling hillslope infiltration and runoff rates requires measurement or estimation of the field effective hydraulic conductivity, K m , some measure of the antecedent soil moisture and moisture retention conditions of the hillslope soils. Data collected from RS plot studies uniquely provides this information from a field-based assessment, though the data collected is used to infer both water retention and hydraulic conductivity parameters. Typically, the K m value is estimated directly from the difference between the measured steady rain and runoff rates, while the infiltrated depth, V, is related to the visual wetting depth at the end of the RS test to estimate the soil water storage capacity. Alternatively, in WEPP modeling efforts, the K m value is determined from that value which by trial and error yields the visual best-fit between the modeled runoff hydrograph assuming a single hillslope flow element and that measured during the RS test. Such a modeling fit to estimate K m that relies on the Green-Ampt formulation of the wetting process, as outlined above in Equations (1)- (4), implicitly uses the infiltrated depth values from the RS test, but not the time-to-ponding/runoff directly, as described in Equation (8) . Here, we use the individual RS plot data summarized in Tables 4 and 6 to simultaneously solve both Equations (7) and (8) using the K m approximation for h d from Figure 1 for sandy soils to determine the K m value that meets both the infiltrated depth and time-to-ponding, t p , requirements. We use time to runoff from the RS test as a conservative estimate of t p . For the data summarized in Tables 5 and 7 for the plots not generating runoff, hence no t p values, we use the ∆θ value estimated from the visual wetting depth measurements and Equation (7), assuming a wetting h d = 50 mm to determine K m . Tables 9 and 10 summarize the steady rain-runoff and infiltration-equation based K m values from the RS runoff plots on granitic and volcanic soils, respectively, while Table 11 summarizes those K m values for the non-runoff RS plots on both soils. Mean K m values determined from the steady rain-runoff and infiltration equation calculations were tested for significant difference based on a two-tailed test at p < 0.01 and p < 0.05, as indicated in the tables. Mean K m value ranges were similar for both soils (10-100 mm/h in the volcanic soils and 20-120 mm/hr in granitic soils), and overall average values were several times greater than the NRCS estimates in Table 1 , though 3-4 times less than the particle-size estimated K values (Table 2 ) and roughly an order of magnitude less than the average permeameter and MDI estimates of K (Table 8) . Overall, data collected from 20% to 25% of the RS plots resulted in undeterminable K m values in the simultaneous solution of Equations (7) and (8) . As the simultaneous infiltration equation solution is highly sensitive to the time-to-ponding/runoff value, this result suggests that those times estimated during about 1 4 of the RS tests may be problematic. For roughly 80% of the RS sites on both soils, the simpler rain-runoff rate estimate of K m values was essentially equivalent to that obtained from the infiltration equation solution, lending credence to use of the rain-runoff rate estimates of K m for watershed modeling purposes. Considering K m values estimated from Equation (7) for the RS plots lacking runoff, there was some agreement between the rain-runoff rate K m values from the sister plots as indicated in Table 11 , but few direct comparisons were available. On the other hand, the overall soil average rain-runoff rate K m values of 73.2 and 68.9 mm/h from the granitic and volcanic runoff RS plots, respectively, were essentially equivalent to the Equation (7) estimates from the non-runoff RS plots of 72.7 and 66.4 mm/h, respectively. Thus, use of the Equation (7), combined with visual estimation of the ∆θ values (e.g., Figure 2 ), appears to also be a reasonable estimate of K m values for modeling purposes. Tables 9 and 10 , respectively. Interestingly, for the granitic soils, infiltration equation K m values appear to be a slightly greater on average (~3%) as compared to the rain-runoff rate estimates for the granitic soils, while for the volcanic soils, they are on average~4% less, such that, overall across all RS plots, there appears to be no systematic bias or preference between the two methods of estimating K m values. For roughly 80% of the RS sites on both soils, the simpler rain-runoff rate estimate of Km values was essentially equivalent to that obtained from the infiltration equation solution, lending credence to use of the rain-runoff rate estimates of Km for watershed modeling purposes. Considering Km values estimated from Equation (7) for the RS plots lacking runoff, there was some agreement between the rain-runoff rate Km values from the sister plots as indicated in Table 11 , but few direct comparisons were available. On the other hand, the overall soil average rain-runoff rate Km values of 73.2 and 68.9 mm/h from the granitic and volcanic runoff RS plots, respectively, were essentially equivalent to the Equation (7) estimates from the non-runoff RS plots of 72.7 and 66.4 mm/h, respectively. Thus, use of the Equation (7), combined with visual estimation of the ∆θ values (e.g., Figure 2 ), appears to also be a reasonable estimate of Km values for modeling purposes. Finally, to illustrate some of the variability in the comparison between both estimates of Km values as well as determining any possible bias, Figures 4 and 5 show comparisons of the Km values summarized in Tables 9 and 10 , respectively. Interestingly, for the granitic soils, infiltration equation Km values appear to be a slightly greater on average (~3%) as compared to the rain-runoff rate estimates for the granitic soils, while for the volcanic soils, they are on average ~4% less, such that, overall across all RS plots, there appears to be no systematic bias or preference between the two methods of estimating Km values. 
Runoff Erosion Field Data-How Are Sediment Detachment Rates Related to Stream Power?
Perhaps one of the primary purposes of RS plot studies is to estimate surface runoff transport rates of sediment and other contaminants so as to develop the required watershed parameters, or evaluate the relative success of soil restoration efforts. Using sediment detachment rates measured 
Perhaps one of the primary purposes of RS plot studies is to estimate surface runoff transport rates of sediment and other contaminants so as to develop the required watershed parameters, or evaluate the relative success of soil restoration efforts. Using sediment detachment rates measured from the short DF RS plots on granitic roadcuts on the south west shore and volcanic soil skiruns of the north shore of Lake Tahoe, we evaluate whether turbulent or laminar flow stream power (Equations (19) or (20) ) are appropriate to describe these rates. As summarized in Tables 4 and 6 , these RS test plots were on a broad range of slopes and used rainfall rates from 60 to 120 mm/h, with test durations of 30-60 min. While occasionally there was no runoff from the treated or grassed RS plots, these data were not included in the comparisons; however, multiple non-runoff plots in the restored and native soils were represented by two zero values in the analyses. The soil surface conditions included no cover (bare) to light grasses, treated soils (usually pine-needle or woodchip mulch covers), restored soils (incorporated mulches and tillage) and "native" (relatively undisturbed forest soils adjacent to RS test sites). We graph average RS plot soil detachment rates (ˆ10 5 kg/m 2 /s) per condition (usually n = 3) as a function of q 0.67 S 1.328 from Equation (20) to estimate the effective "erodibility" as it depends on stream power in Figure 6 for the granitic soils, and in Figures 7 and 8 for the volcanic soils. Note that the soil detachment rates from the finer-textured volcanic soils are much greater than those from the granitic soils in general. Similarly, considering the linear slopes of the regressions to represent soil "erodibility", erodibilities from the bare granitic and grassed volcanic soils were roughly equivalent, while those from restored and native (undisturbed) volcanic soils were effectively identical, though about three times greater than equivalently treated or native granitic soils. Lastly, comparing sediment detachment rates as a function of the product of the rainfall rate and stream power dramatically lowered the R 2 values in all of the regressions, suggesting that at least for the rainfall rates/energies, infiltration rates and soil cover conditions considered here, rainfall rates had little impact on soil erodibility. As a means of assessing the hypothesis that laminar flow definition of stream power by Equations (20) better describes the sediment detachment rates than that from turbulent flow assumptions using Equation (19), we examined the regression coefficient variation as it depends on the exponent of the surface runoff rate for the data shown in Figures 6-8 . It should be noted, of course, that soil detachment rates as determined from the RS plot runoff sediment concentrations result in a degree of self-correlation with runoff rates as both are calculated from the runoff sampling data. Considering the regression coefficient variation provides some insight into the range of stream power exponent values reported in the literature and perhaps why they range from theoretical values. Figure 9 illustrates the dependence of the linear regression R 2 value on the exponent of q in Equation (20) for the granitic soils of Figure 6 , while Figure 10 illustrates this same dependence for the volcanic RS test plot data shown in Figures 7 and 8 . For the granitic RS test plots, the greatest R 2 value occurs as predicted by Equation (20) at q 0.67 for the grassed and treated RS plots, and this is also near the maximum R 2 value for the bare plots. In both cases, however, the R 2 values at q 0.67 readily exceed those for q 0.4 from Equation (19) , but the relative dependence of the R 2 value is "flat" for exponents ranging from 0.8 to 1.3, as found by Al-Hamdan et al. [35] . The sediment detachment rates from the As a means of assessing the hypothesis that laminar flow definition of stream power by Equation (20) better describes the sediment detachment rates than that from turbulent flow assumptions using Equation (19), we examined the regression coefficient variation as it depends on the exponent of the surface runoff rate for the data shown in Figures 6-8 . It should be noted, of course, that soil detachment rates as determined from the RS plot runoff sediment concentrations result in a degree of self-correlation with runoff rates as both are calculated from the runoff sampling data. Considering the regression coefficient variation provides some insight into the range of stream power exponent values reported in the literature and perhaps why they range from theoretical values. Figure 9 illustrates the dependence of the linear regression R 2 value on the exponent of q in Equation (20) for the granitic soils of Figure 6 , while Figure 10 illustrates this same dependence for the volcanic RS test plot data shown in Figures 7 and 8 . For the granitic RS test plots, the greatest R 2 value occurs as predicted by Equation (20) at q 0.67 for the grassed and treated RS plots, and this is also near the maximum R 2 value for the bare plots. In both cases, however, the R 2 values at q 0.67 readily exceed those for q 0.4 from Equation (19) , but the relative dependence of the R 2 value is "flat" for exponents ranging from 0.8 to 1.3, as found by Al-Hamdan et al. [35] . The sediment detachment rates from the restored and native granitic RS test plots are so small and variable as to have little discernible dependence on stream power. In the volcanic RS test plots, the greatest R 2 value again occurs as predicted by Equation (20) at q 0.67 for the grassed and treated RS plots, and this is also near the maximum R 2 value for the bare plots. As with the bare granitic RS plot data, the R 2 value for the volcanic RS plots has little dependence on the runoff rate exponent at values greater than about 0.8, but these R 2 values differ little from that associated with an exponent of 0.67. For the bare and native volcanic RS test plots, the greatest R 2 values occur at an exponent of 1.1. In all volcanic RS plots, however, the R 2 values at q 0.67 readily exceed those for q 0.4 from Equation (19) , suggesting that, as with the granitic soils, the soil detachment rate is better described by laminar as compared to turbulent flows for the Tahoe soils. Finally, defining RS plot erodibility as the linear regression slope between soil detachment rates, Di, and laminar stream power, P, or average ratio thereof, the erodibilities likely useful for watershed modeling in the Tahoe basin are summarized in Table 12 from the results shown in Figures 6, 7 and 8. Of course, as the values in Table 12 were derived from the runoff plots from the restored and Finally, defining RS plot erodibility as the linear regression slope between soil detachment rates, Di, and laminar stream power, P, or average ratio thereof, the erodibilities likely useful for watershed modeling in the Tahoe basin are summarized in Table 12 from the results shown in Figures 6, 7 and 8. Of course, as the values in Table 12 were derived from the runoff plots from the restored and less-disturbed forest (native) soil conditions, they are likely conservative estimates as there were Finally, defining RS plot erodibility as the linear regression slope between soil detachment rates, D i , and laminar stream power, P, or average ratio thereof, the erodibilities likely useful for watershed modeling in the Tahoe basin are summarized in Table 12 from the results shown in Figures 6-8 . Of course, as the values in Table 12 were derived from the runoff plots from the restored and less-disturbed forest (native) soil conditions, they are likely conservative estimates as there were numerous non-runoff RS plots for these conditions. Table 12 . Summary of stream power (Equation (20)) derived soil erodibility for granitic and volcanic soil RS plots from the southwest and north shores of Lake Tahoe, respectively. 
Soil
Results & Discussion of Rainfall Simulator Comparisons-Infiltration & Erosion Processes
With the several types of "portable" RS devices used in field plot studies that have a variety of rainfall energies applied to plot areas in the order of one square meter, comparing plot test results (infiltration, runoff and erosion rates) from these different RSs has been a recurring challenge in the literature. Having outlined above possible interpretations methods for determination of infiltration (K m ) and erosion parameter averages from the entire range of RS test plots across the Tahoe Basin, here, we consider the more specific site evaluation of RS test plots using different RSs to determine how simulators with different rain energies may affect these parameters. We focus on a direct comparison of the infiltration and erosion results obtained from three RSs used in the basin that have rain drop energies of < 1 4 and about 3 4 of maximum values (i.e., short and tall drop-former (DF) simulators, respectively) and the greater energy sprinkler RS used by the USFS. We use RS plot data for the short and tall DF RSs at similar Northstar disturbed and treated volcanic soil sites, and likewise, we use plot data for the short DF and USFS RSs at soil forest landings on the west and east shores of the lake. First, we compare soil K m values estimated from steady rain-runoff rates and simultaneous solutions to the infiltration equations, as described above, then we consider the estimated erodibilities (D i /P) from the different RSs, as in Table 12 for the same sites.
In the Northstar area, there were several skirun, or adjacent sites, that included RS tests with both the original tall DF RS and the short DF RS on bare and treated soils from different years. The average plot information for the Northstar sites is in Table 6 for the runoff plots, while the plot-specific erosion information is summarized in Table 13 . Overall, the average plot slopes for both DF RS plots were similar, however, the short DF RS plots were subject to rain rates twice as great (120 vs. 60 mm/h) as that for the tall DF RS plots, though with about 30% less impact energy. The average of the 14 K m values estimated from the bare and treated soil plot data for the tall DF RS was, surprisingly, roughly half that for the 11 short DF RS test plots subjected to the much greater rain rate. However, the comparison between infiltration equation and rain-runoff rate estimates are functionally the same, as shown in Figure 11 .
RS plots were similar, however, the short DF RS plots were subject to rain rates twice as great (120 vs. 60 mm/h) as that for the tall DF RS plots, though with about 30% less impact energy. The average of the 14 Km values estimated from the bare and treated soil plot data for the tall DF RS was, surprisingly, roughly half that for the 11 short DF RS test plots subjected to the much greater rain rate. However, the comparison between infiltration equation and rain-runoff rate estimates are functionally the same, as shown in Figure 11 . Despite the much greater rain impact energies and greater runoff rates from the tall versus short DF RSs, erodibilities expressed as D i /P were only slightly greater for the tall RS plots, though practically the same for these bare volcanic skirun soils (19ˆ10´5 vs. 16ˆ10´5 s 2 /m). Similarly, for the lightly covered plots, the short DF RS plots at the Northstar specific site were greater than at the skirun average (~4ˆ10´5 vs.~2ˆ10´5 s 2 /m), perhaps due to varying coverages. While mean erodibility values from the tall DF RS for the "treated" plots were twice as great as those from the short DF RS plots (0.53ˆ10´5 vs. 0.27ˆ10´5 s 2 /m), these values ranged on either side of that mean in Table 12 (0.4ˆ10´5 s 2 /m) for the short DF RS plots. Moreover, the difference between the means was similar to the variability in values between individual RS plots from either RS, and may have reflected the different years of RS tests or variability in treatments. We note that the average runoff organic matter fraction (OM%) from the treated RS plots was~25%, suggesting presence of some non-mineral soil cover.
In a more direct comparison of results from different RSs, the short DF RS and the USFS sprinkler RS were used on compacted soil forest landing sites near Ward Creek (volcanic soil) and at Round Hill (granitic soil) using randomly selected plots from within the same area and conducting the RS tests on the same days. The average plot information for these sites is in Tables 4 and 6 for the runoff plots while the plot-specific erosion information is summarized in Table 14 . Overall, the RS plot slopes for the DF RS were about half that for the USFS RS, and the DF RS rain rates were also 10-20 mm/h less, as well as having much smaller rain impact energies as compared to the sprinkler RS. As a result, times-to-runoff and runoff rates from the DF RS plots were smaller than those from the sprinkler RS. Finally, one USFS plot at Round Hill responded completely differently than its sister plots and was not included in the erosion analysis. When considering K m estimates developed from all RS plot data collected from the two forest landing sites, we found that of the seven USFS RS plots, only three yielded data that enabled computation of K m from the combined infiltration equations, while eight of the nine short DF RS plots yielded calculable K m values. At the Round Hill site, the average K m values from both calculation methods were the same, at about 23 mm/hr. At the volcanic soil Ward Creek site, the DF RS plot average K m values were more than twice that obtained from the neighboring USFS RS plots. Table 12 . On the volcanic soils, the bare plot erodibilities differed between the two RSs (~24ˆ10´5 vs. 34ˆ10´5 s 2 /m), but well within the variability range encountered in replicate plots results. These erodibility values were roughly two times greater than that from the bare skiruns in Table 12 , likely reflecting the greater soil compaction at the forest landings. The one tilled-in mulch plot yielded an erodibility value equal to that average found for the "treated/restored" volcanic skirun soils (Table 12 ). This treated soil plot suggests the possibility that even the compacted forest landing soils may be "treatable" to the point of returning them to something like native forest soil functionality with respect to infiltration and erosion. Finally, we note that the OM% of the runoff from the DF RS plots were quite high (30%-50%), suggesting that visual assessment of the surface conditions as "bare" or "light coverage" likely overlooked the possibility of an apparent fine mulch/duff organic layer integrated with the mineral soil surface.
average Km values were more than twice that obtained from the neighboring USFS RS plots. Following the same format as in Figures 4 and 5 , the forest landings Km values are graphed in Figure  12 . Both types of RSs resulted in infiltration equation versus rain-runoff rate estimated Km values fitting the same line as well as being consistent with the WEPP based Km values. Similarly, despite the differing rain impact energies from the two RSs, erodibilities expressed as Di/P were practically the same for the bare granitic soils (~20 × 10 −5 s 2 /m) and the lightly covered plots (~15 × 10 −5 s 2 /m). Erodibility values for the better covered RS plots were approximately 1.9 × 10 −5 s 2 /m, consistent with the "grass/treated soils" value in Table 12 . On the volcanic soils, the bare plot erodibilities differed between the two RSs (~24 × 10 −5 vs. 34 × 10 −5 s 2 /m), but well within the variability range encountered in replicate plots results. These erodibility values were roughly two times greater than that from the bare skiruns in Table 12 , likely reflecting the greater soil compaction at the forest landings. The one tilled-in mulch plot yielded an erodibility value equal to that average found for the "treated/restored" volcanic skirun soils (Table 12 ). This treated soil plot suggests the possibility that even the compacted forest landing soils may be "treatable" to the point of returning them to something like native forest soil functionality with respect to infiltration and erosion. Finally, we note that the OM% of the runoff from the DF RS plots were quite high (30%-50%), suggesting that visual assessment of the surface conditions as "bare" or "light coverage" likely overlooked the possibility of an apparent fine mulch/duff organic layer integrated with the mineral soil surface. 
Summary & Conclusions
A key component of modeling watershed runoff and erosion processes is estimation of surface soil infiltration rates or effective hydraulic conductivities (K m ) and erosion rates, as they vary with soil cover/tilth/slope conditions, and seasonally with changing water contents. Portable rainfall simulators (RSs) are essential tools for measuring infiltration, runoff and erosion under a variety of field conditions, and information from RS test plots can provide the infiltration/runoff parameterization required for watershed modeling. Though multiple RS designs for field application exist, no single RS design (including plot runoff frame installation) has emerged as a standard. Here, we develop a simultaneous solution of time-to-ponding/runoff and Green-Ampt type infiltration equations to determine K m , as well as developing a laminar flow-based description of stream power that can be used to determine erodibilities and then apply these analyses to data from 423 RS plots across the Tahoe Basin. Finally, we provide direct infiltration and erosion analysis comparisons of results from three RSs that have different rainfall energies. The overall goal of the analyses was to develop a common assessment method, or approach, to evaluating RS plot data for use in watershed modeling efforts.
With respect to estimation of K m values, the simpler-to-calculate steady rain-runoff rate value was equivalent for all practical purposes to that estimated from infiltration equations. It was possible to calculate infiltration equation based K m values from~80% of the RS plot data that spanned a wide range of rain rates (60-120 mm/h), runoff rates (2-70 mm/h) and times-to-ponding (1-20 min). However, this effective conductivity, though assumed to be half of the saturated value, was as much as an order of magnitude less than K s values derived from other field test methods. In terms of developing comparable "erodibilities", defined here as simply the ratio of sediment detachment rates to stream power, it appears that the laminar flow derived stream power results in a better fit between detachment rate and stream power than that derived from turbulent flow assumptions, and eliminates the need to define 'n' and the restriction to <10% slopes associated with the Mannings equation. Applying the laminar flow stream power derivation to the determination of erodibilities enabled comparison of data from RS test plots having a wide range of slopes and runoff rates, as well as from simulators having different rainfall energies. While rain drop impact energy did not appear to be a factor in these analyses, this may stem from the presence of some cover materials, the very high infiltration rates and the lack of aggregation of the Tahoe surface soils. We suggest, as Grismer [50] did, that RS plot studies include measurements of particle sizes and OM% in the runoff collected in order to provide more useful data from which to understand erosional processes and soil restoration efforts.
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